Background: How AMP-activated protein kinase (AMPK) influences IL-4-induced human macrophage polarization is not completely understood. Results: AMPK prevents arachidonate 15-lipoxygenase induction by IL-4 and abolishes the formation of 15-lipoxygenase arachidonic acid metabolites. Conclusion: AMPK activation promotes an anti-inflammatory phenotype in IL-4-stimulated macrophages by reducing arachidonate 15-lipoxygenase expression. Significance: This study supports an anti-inflammatory effect of AMPK activation.
Macrophages are highly plastic cells that respond to intraand extracellular stimuli, generating diverse molecular and functional phenotypes (1) . Upon exposure to the Th2 cytokines IL-4 or IL-13, macrophages are M2 or alternatively polarized (2, 3) . Initially described in the context of helminth infection or allergic reactions, IL-4/IL-13 activation is now linked to a wide range of homeostatic functions, including maintenance of insulin sensitivity or regulation of thermogenesis (2) . IL-4/IL-13 are anti-inflammatory cytokines and, indeed, they dampen monocyte/macrophage inflammatory responses toward LPS (4) . However, macrophages pretreated with IL-4 enhance inflammatory responses to subsequent bacterial (5) or LPS stimulation (6) . Neither molecular details how IL-4 elicits proversus anti-inflammatory signals nor the role of IL-4/IL-13-induced genes in controlling inflammation are fully understood.
Arachidonate 15-lipoxygenase (ALOX15 2 in the human nomenclature, alternatively called 15-LOX-1) has been described as a highly inducible IL-4/IL-13 target gene in mice (7) and humans (8, 9) . ALOX15 belongs to a family of dioxygenases that convert unsaturated fatty acids, preferably arachidonic acid, to mono-oxygenated derivatives, such as 15(S)-HETE (10, 11) . ALOX15 and its enzymatic products are implicated in many homeostatic as well as pathological processes, with roles both in the propagation and resolution of inflammation (12) . The importance of ALOX15 for IL-4/IL-13induced macrophage polarization has been indicated in mouse studies showing that the mouse ortholog 12/15-lipoxygenase produced endogenous ligands for the transcription factor PPAR␥ (7) , thereby attenuating inflammatory responses. Whether ALOX15 exerts additional roles in IL-4/IL-13 macro-phage polarization is unknown. Human macrophages also constitutively express ALOX15B, an isoform of arachidonate 15-lipoxygenase (13) . This isoform is induced by hypoxia (14) and produces T cell-attractive chemokines in macrophages (15) . However, the distinct roles of ALOX15 versus ALOX15B in human IL-4/IL-13-polarized macrophages are unclear.
Metabolism is recognized as an important determinant of macrophages activation. AMP-activated protein kinase (AMPK) is a major cellular metabolic sensor, responding to a decreased energy charge and adjusting cellular metabolism to prevent energy loss (16) . AMPK is also involved in regulating inflammatory responses (17) and promotes an anti-inflammatory macrophage polarization (18, 19) . This is facilitated by inhibiting NF-B and stimulating Akt. Of note, the impact of AMPK on IL-4/IL-13-induced macrophage polarization has not yet been studied. Here we provide evidence that AMPK activation profoundly attenuated ALOX15 induction by reducing STAT3 activation by IL-4. ALOX15 generated 12(S)-HETE and 15(S)-HETE and potentiated inflammatory responses to LPS, which was prevented by AMPK activation.
Experimental Procedures
Cell Isolation and Culture-Human monocytes were isolated from buffy coats of anonymous donors (Deutsches Rotes Kreuz-Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt, Germany) using Ficoll density centrifugation, followed by magnetic separation with positive selection (CD14 MicroBeads, Miltenyi Biotec). Monocytes were differentiated into macrophages by culture in macrophage serum-free medium (Invitrogen) containing 50 ng/ml human recombinant macrophage colony-stimulating factor (Immunotools) for 7 days. Cells were treated (where indicated) with the following reagents: 20 ng/ml human recombinant IL-4 or IL-13 (Immunotools); 500 M 5-aminoimidazole-4-carboxamide 1-␤-D-ribofuranoside (AICAR, EMD Biosciences); 500 M A769662 (Tocris); 1 M R419 (Rigel Pharmaceuticals); 100 nM 12(S)-HETE and 100 nM 15(S)-HETE (Cayman Chemical); and 100 M phenformin, 20 M nordihydroguaiaretic acid, 10 M PD146716, 1 M rosiglitazone, or 100 pg/ml LPS (Sigma-Aldrich). This investigation conforms to the principles outlined in the Declaration of Helsinki and was approved by the university ethics committee.
siRNA Transfection and Adenoviral Transduction of Macrophages-Silencing of AMPK␣1, STAT3, and ALOX15 in human primary macrophages was achieved using corresponding siGENOME SMARTpools (Thermo Fisher Scientific) at 50 nM and Hyperfect transfection reagent (Qiagen). Cells were treated 72 h post-transfection, except for ALOX15 siRNA (24 h post-transfection). For adenoviral transduction, macrophages were incubated with a control adenovirus (Ad-Track-GFP, Addgene) or with an adenovirus coding for the AMPK␥1 regulatory subunit carrying an activating R70Q substitution (provided by Dr. Jason Dyck, Cardiovascular Research Centre, University of Alberta, Canada) for 48 h prior to treatments.
Quantitative PCR-Total RNA from human primary macrophages was isolated using the PeqGold RNAPure kit (PeqLab) and transcribed using a cDNA synthesis kit (Fermentas). Quantitative PCR was performed with iQ SYBR Green Supermix (Bio-Rad) using the CFX96 system (Bio-Rad). Primer sequences for quantitative PCR are available upon request. Expression was normalized to ␤-microglobulin.
Immunoprecipitation-Cells were lysed in HEPES-based buffer (20 mM HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, and 1% Triton X-100) containing phosphatase and protease inhibitors and incubated overnight at 4°C with Jak1 antibody (catalog no. 3332, Cell Signaling Technology) at 1:100 dilution, followed by 2 h of incubation with protein A/G-agarose beads (catalog no. sc-2003, Santa Cruz Biotechnology). After three washes with the same buffer, beads were eluted by heating at 95°C into 2ϫ electrophoresis sample buffer, separated on polyacrylamide gels, and analyzed by Western blotting using STAT3 and Jak1 antibodies.
Western Blot Analysis-Protein lysates were separated on polyacrylamide gels, followed by transfer onto nitrocellulose membranes. Membranes were incubated with antibodies against phospho-ACC (Ser-79, catalog no. 3661), phospho-AMPK (Thr-172, catalog no. 2531), phospho-STAT6 (Tyr-641, catalog no. 9361), phospho-STAT3 (Tyr-705, catalog no. 9145), phospho-Jak1 (Tyr-1022/1023, catalog no. 3331), ACC (catalog no. 3662), AMPK (catalog no. 2532), STAT6 (catalog no. 9362), STAT3 (catalog no. 9139), Jak1 (catalog no. 3332, Cell Signaling Technology), ALOX15 (catalog no. ab118774, Abcam), ALOX15B (catalog no. 10004454, Cayman Chemical), ALOX5 (catalog no. 610693, BD Biosciences), actin (catalog no. A2066, Sigma-Aldrich), or nucleolin (catalog no. sc-13057, Santa Cruz Biotechnology), followed by IRDye 800-coupled secondary antibodies (Licor Biosciences). Blots were visualized and quantified using the Odyssey imaging system (Licor Biosciences).
Chromatin Immunoprecipitation-10 ϫ 10 6 macrophages were cross-linked for 10 min with 1% formaldehyde, and extracts were sonicated until the DNA fragments were 300 -800 bp in average size. Cross-linked chromatin was immunoprecipitated with 2.5 g of STAT6 antibody (catalog no. sc-981X, Santa Cruz Biotechnology), Lys-9-acetylated histone 3 antibody (catalog no. 04-1003, Millipore), or rabbit IgG overnight at 4°C, followed by incubation with protein A/G-agarose beads (catalog no. sc-2003, Santa Cruz Biotechnology) for an additional 2 h. Immunoprecipitated DNA was recovered using a PCR purification kit (Qiagen) and analyzed using quantitative PCR. Primers corresponding to the human ALOX15 promoter (852 bp upstream of the transcription start site) or the CCL18 and Spint2 promoters (Ϫ5900 bp and Ϫ650 bp, respectively) were used for analysis. Data are shown as percentage of input DNA precipitated by a corresponding antibody.
Lipid Analysis-Leukotriene B 4 , 5(S)-HETE, 12(S)-HETE, 15(R)-HETE, and 15(S)-HETE in the extracted samples were analyzed employing LC-MS/MS. The LC/MS-MS system comprised an 5500 QTrap mass spectrometer (AB Sciex), an Agilent 1200 binary HPLC pump (Agilent), and an HTC Pal autosampler (Chromtech). Eicosanoid standards were obtained from Cayman Chemical. Sample extraction was performed with liquid-liquid extraction using ethyl acetate. The organic phase was removed under a stream of nitrogen, and the residues were reconstituted in methanol/water prior to injection into the LC-MS/MS system. For chromatographic separation, a Gemini NX C18 column and precolumn were used (Phenome-nex). A linear gradient was employed at a flow rate of 0.5 ml/min with a total run time of 17.5 min. The mobile phase was water/ammonia (A, 100:0.05, v/v) and acetonitril/ammonia (B, 100:0.05, v/v). The gradient moved from 85% A to 10% within 12 min. The retention times of Leukotriene B 4 , 5(S)-HETE, 12(S)-HETE, and 15(S)-HETE were 7.94, 10.01, 9.62, and 9.92 min, respectively. Peak quantification was performed with Analyst software version 1.5 (Applied Biosystems) employing the internal standard method (isotope dilution mass spectrometry). The ratios of analyte peak area and internal standard area (y axis) were plotted against concentration (x axis), and calibration curves were calculated by least square regression.
Statistical Analysis-Data are presented as mean Ϯ S.E. of at least three independent experiments. Data were analyzed by one-way analysis of variance with Bonferroni post hoc means comparison using OriginPro 8.5G software (OriginLab, Northampton, MA). Differences were considered statistically significant at p Ͻ 0.05.
Results
Initial experiments exploring the influence of AMPK activation on IL-4-induced gene expression in human macrophages revealed a striking inhibitory effect on mRNA induction of ALOX15. As shown in Fig. 1A , IL-4-induced up-regulation of ALOX15 mRNA started at 6 h and continued up to 48 h. This induction was suppressed in a concentration-dependent fashion at 6 h already by the AMP-mimetic AMPK activator AICAR ( Fig. 1B ) and at later time points ( Fig. 1A ). ALOX15 induction by IL-4 was abolished in the presence of pharmacological AMPK activators of different classes, including the allosteric AMPK activator A-769662, the biguanidine phenformin, a compound decreasing the cellular energy charge, and R419, a novel mitochondrial complex I inhibitor (20) (Fig. 1C ). ALOX15 mRNA induction by IL-13, another Th2 cytokine, was inhibited by AMPK activation as well ( Fig. 1D ). We went on to analyze ALOX15 protein expression after IL-4 treatment in the absence or presence of AMPK activators. ALOX15 protein was induced prominently after 48 h of incubation with IL-4 ( Fig.  1E ). We questioned whether IL-4 treatment influenced the activity of AMPK by measuring the phosphorylation of AMPK and acetyl-CoA carboxylase (ACC). We noticed that IL-4 induced modest increases of ACC and AMPK phosphorylation at 24 h (1.4-fold) but not at 48 h (Fig. 1E ). Incubating macrophages for 48 h with IL-4 in the presence of phenformin or AICAR fully antagonized ALOX15 protein induction ( Fig. 1F ). To validate the data obtained with pharmacological AMPK activators, we transduced macrophages with an adenoviral construct coding for a regulatory AMPK ␥1 subunit with an R70Q substitution, which was previously shown to be an activating AMPK mutation, increasing the activity of AMPK heterotrimers (21) . Fig. 1G shows that macrophages transduced with the AMPK␥1 R70Q adenovirus displayed reduced ALOX15 mRNA induction compared with control adenovirus transduced cells. Finally, we silenced the AMPK ␣1 catalytic subunit in macrophages, which do not express measurable amounts of AMPK␣2 protein (18), by siRNA, followed by their exposure to IL-4 in the presence or absence of phenformin ( Fig. 1H ). Although phenformin inhibited IL-4-induced ALOX15 mRNA expression in siControl-transfected cells, this effect was lost in AMPK␣1-silenced macrophages. Collectively, these data suggest an inhibitory effect of AMPK on IL-4-induced ALOX15 expression.
Next, we explored the mechanistic details of ALOX15 suppression by AMPK. First, we questioned whether AMPK activation generally affects IL-4-induced gene expression. As seen in Fig. 2A , this is not the case. The expression of typical IL-4 target genes in macrophages, such as chemokine (C-C motif) ligand 18 (CCL18) or mannose receptor C, type 1 (Mrc1) remained unaffected by phenformin, indicating that a typical transcriptional response to IL-4 stimulation remains unaffected by AMPK.
IL-4 activates genes predominantly via the STAT6 pathway (2). However, the STAT3 transcription factor is engaged in IL-4-induced ALOX15 expression in human monocytes (22) . To question the involvement of STATs in AMPK-dependent ALOX15 suppression, we analyzed tyrosine phosphorylation and nuclear translocation of STAT3 and STAT6 as signs of their activation in IL-4-treated cells in the presence of AICAR or phenformin. Furthermore, we analyzed phosphorylation of Jak1 kinase, which was reported to phosphorylate STAT3 and STAT6 in IL-4-stimulated monocytes (22) . IL-4 elicited robust phosphorylations of Jak1, STAT3, and STAT6 within 15 min, which returned to baseline after 3 h ( Fig. 2B ). Levels of ACC phosphorylation did not change at early time points of IL-4 stimulation. As seen in Fig. 2C , phosphorylation of STAT6 and Jak1 in whole-cell lysates was either not affected or only reduced slightly by AMPK activators. In contrast, both AICAR and phenformin lowered phosphorylation of STAT3 in IL-4stimulated macrophages. Phenformin also inhibited phosphorylation of STAT3 at Ser-727, which is necessary for full transcriptional activity of STAT3. Apparently, the inhibitory effects of AMPK correlate only with attenuated STAT3 activation. Accordingly, the levels of phosphorylated STAT3 in nuclear extracts of IL-4-treated macrophages were reduced upon preincubation with AICAR or phenformin, whereas nuclear phospho-STAT6 remained unaffected (Fig. 2D ). Association of STAT3 with its upstream kinase Jak1, an early step of IL4-induced STAT3 activation, was inhibited by phenformin as well ( Fig. 2E) . To demonstrate the role of STAT3 in IL-4-induced ALOX15 mRNA expression, we used RNA interference. STAT3-specific siRNA decreased its mRNA expression by 80% and reduced IL-4-induced ALOX15 mRNA expression by more than 50% (Fig. 2F) while leaving IL-4-induced CCL18 and Mrc1 mRNA expression intact. As a control, knockdown of STAT6 inhibited IL-4-induced mRNA expression of all target genes ( Fig. 2G) , confirming a central role of STAT6 in IL-4-elicited transcriptional responses. Taken together, these data suggest that AMPK prevents IL-4-induced ALOX15 expression by inhibiting STAT3.
Tyrosine phosphorylation and nuclear translocation of STAT3 as well as STAT6 are early steps in an IL-4 signaling cascade leading to ALOX15 gene transcription. However, there is evidence that epigenetic modifications, such as histone acetylation, peak at later time points and are associated with delayed STAT6 association with the ALOX15 promoter (23) . Although we failed to detect STAT6 binding to the ALOX15 promoter in chromatin IP experiments 1 h after IL-4 stimulation (data not shown), STAT6 binding significantly increased at 12 h. In the presence of phenformin, no significant increase of STAT6 binding was observed compared with untreated cells (Fig. 3A) . Furthermore, Lys-9 acetylation of histone H3 at the ALOX15 promoter was elevated 12 h after IL-4 treatment, and this was attenuated significantly by phenformin ( Fig. 3B ). Increased histone acetylation after IL-4 treatment and its inhibition by phenformin was specific for the ALOX15 promoter because IL-4 failed to increase levels of Lys-9-acetylated histone H3 at the CCL18 and Spint2 promoters (Fig. 3B) . In contrast, binding of STAT6 to the CCL18 and Spint2 promoters was still increased by IL-4 in the presence of phenformin (Fig. 3A) , correlating with an inability of phenformin to affect CCL18 mRNA expression ( Fig. 2A) .
We then addressed the impact of IL-4 and AMPK on arachidonic acid lipoxygenase metabolism. As a first experiment, we explored whether the expression of other lipoxygenases involved in arachidonic acid metabolism is affected by IL-4 and AMPK. As depicted in Fig. 4A , the mRNA expression of the second human 15-lipoxygenase enzyme, ALOX15B, increased after IL-4-treatment both in the absence and presence of phenformin. ALOX5 mRNA was reduced by more than 80% after IL-4 treatment, an effect being not affected by phenformin. Platelet-specific ALOX12 mRNA was not significantly affected by IL-4 or phenformin. Western blot analysis confirmed the induction of ALOX15B and suppression of ALOX5 by IL-4, whereas these responses were unaffected by phenformin ( Fig.  4B ). Therefore, AMPK activation selectively affects ALOX15 expression in IL-4-treated macrophages without major effects on the expression of other lipoxygenases. As a second experiment, we analyzed lipoxygenase metabolites by LC-MS/MS. We noticed a massive increase of cellular 12(S)-HETE and 15(S)-HETE in macrophages exposed to IL-4 for 48 h, which was blocked by phenformin ( Fig. 4C) , whereas the level of 5(S)-HETE tended to decrease upon IL-4-treatment without reaching a statistical significance. Chromatographic separation of Rversus S-enantiomers of 15-HETE revealed that Ͼ95% of 15-HETE was in S-form, confirming the enzymatic character of 15-HETE formation. We did not observe measurable 12(S)- HETE and 15(S)-HETE levels in cell culture supernatants under these conditions and failed to detect leukotriene B 4 in cell pellets and supernatants (data not shown). To determine the involvement of ALOX15 in accumulating cell-associated 12(S)-HETE and 15(S)-HETE after IL-4 treatment, we used an ALOX15 siRNA approach. Silencing ALOX15 reduced the production of cell-associated 12(S)-HETE and 15(S)-HETE by more than 90% (Fig. 4D ). Quantitative PCR analysis confirmed the efficiency of ALOX15 knockdown (Fig. 4E ). This confirms a predominant role of ALOX15 in generating 12(S)-HETE and 15(S)-HETE in IL-4-polarized macrophages, whereas 5(S)-HETE levels were not affected by ALOX15 silencing.
With the following experiments, we analyzed the impact of ALOX15 on the phenotype of IL-4-stimulated macrophages. ALOX15 is known to produce endogenous ligands for the transcription factor PPAR␥ (7) , which regulates myeloid gene expression, e.g., to support macrophage M2 polarization (24) , although this has not been confirmed in all studies (25) . In IL-4treated macrophages, we analyzed the expression of several PPAR␥ target genes, such as fatty acid binding protein 4 (FABP4), lipoprotein lipase, and CD36. As shown previously, these genes are induced PPAR␥-dependently during monocyte-to-macrophage differentiation (26) . IL-4 did not increase the mRNA expression of the PPAR␥ targets CD36 and lipoprotein lipase in fully differentiated macrophages, whereas PPAR␥ mRNA tended to increase, but this did not reach statistical significance (Fig. 5A ). Only FABP4 mRNA expression was increased by IL-4, although the magnitude of its expression was only 30% compared with the synthetic PPAR␥ agonist rosiglitazone (Fig. 5A ). IL-4 failed to increase FABP4 in the presence of phenformin or AICAR. Conclusively, IL-4 and AMPK have only a minor effect on PPAR␥ activity in fully matured macrophages.
Although IL-4 is known to inhibit the activation of inflammatory genes when added together with LPS, macrophages pretreated with IL-4 show enhanced proinflammatory responses to a subsequent LPS stimulus, an effect known as IL-4 priming (5, 6) . Because 12/15-lipoxygenase or 12(S)/15(S)-HETEs have been reported to enhance proinflammatory responses in some systems (27, 28) , we designed experiments to explore the role of ALOX15 and its regulation by AMPK in the priming effect of IL-4. Therefore, we pretreated macrophages with IL-4 for 48 h followed, by a 3-h treatment with LPS and subsequent analysis of proinflammatory mRNA expression. As summarized in Fig. 5B , IL-4 pretreatment enhanced LPS-induced mRNA expression of proinflammatory cytokines such as IL-6, chemokine (C-X-C motif) ligand 9 (CXCL9), CXCL10, and IL-12p40. The induction of other proinflammatory mediators, i.e. IL-1␤, IL-8, CCL2, or CCL5, was not affected by IL-4 pretreatment (data not shown). When macrophages were pretreated with IL-4 and the AMPK activators AICAR or phenformin, the priming effect was lost. Similarly, priming was absent in the presence of the 15-lipoxygenase inhibitors nordihydroguaiaretic acid or PD146176 (Fig. 5C ). Attempts to verify the specific role of ALOX15 by siRNA technology revealed that the transfection procedure using control siRNA greatly reduced the levels of arachidonic acid lipoxygenase metabolites in IL-4-treated cells (compare Fig. 4, C and D) and abolished the priming effect of IL-4 (data not shown). To investigate whether 15-lipoxygenase metabolites directly increase inflammatory LPS responses, we treated macrophages with LPS in the presence of 12(S)-HETE or 15(S)-HETE. As depicted in Fig. 5D , macrophages incubated in the presence of 15(S)-HETE showed small but significant increases in LPS-induced gene expression. In contrast, 12(S)-HETE potentiated only LPS-induced IL-6 mRNA expression. Therefore, 15-lipoxygenase metabolites of arachidonic acid may, at least in part, account for increased LPS-induced cytokine mRNA expression in IL-4-polarized macrophages. Collectively, these data imply that ALOX15 induction may play an important role in IL-4-induced macrophage priming, an effect that is under the control of AMPK.
Discussion
Our work aimed at understanding how AMPK activation impacts IL-4-induced gene expression in human macrophages. We obtained novel information showing that AMPK blocks IL-4-induced ALOX15 expression without generally suppressing IL-4 target genes. Moreover, ALOX15 alters inflammatory responses of IL-4-polarized macrophages toward TLR4 activation, potentiating the expression of a subset of LPS-targeted genes. AMPK, suppressing ALOX15 induction by IL-4, supports an anti-inflammatory phenotype of IL-4-polarized human macrophages.
A number of previous studies have reported the anti-inflammatory phenotype of AMPK-activated macrophages (18, 29, 30) with the notion that IL-4-induced polarization is attenuated in AMPK␣1-deficient murine macrophages (19) . In human macrophages, AMPK activation does not generally seem to affect IL-4-induced gene expression. We also noticed that, in contrast to the rapid activation of AMPK in response to IL-10 and TGF␤ reported previously (18) , acute IL-4 stimulation does not affect AMPK activity. The absence of a general effect of AMPK on IL-4-induced polarization is in line with the observation that the dominant IL-4-induced signaling pathway culminating in the activation of the transcription factor STAT6 remains intact in AMPK-stimulated macrophages. Interestingly, only a subset of IL-4-stimulated genes, most prominently ALOX15, is inhibited upon AMPK activation. It is known that, in addition to STAT6, STAT3 is involved in the regulation of ALOX15 in IL-4-treated human monocytes (22) . Our data corroborate a role of STAT3 in regulating ALOX15 in response to IL-4, and we suggest that AMPK attenuates STAT3-dependent gene expression by preventing STAT3 association with upstream Jak1 tyrosine kinase, its tyrosine and serine phosphorylation, and nuclear translocation upon IL-4-treatment. These results concur with previous reports showing AMPK-dependent inhibition of STAT3 activation in hepatocytes (31), reduced STAT3 signaling in AMPK-activated astrocytes (32), and inhibition of STAT3 by metformin during monocyteto-macrophage differentiation of THP-1 cells (33) . At the moment, it is unclear how AMPK inhibits STAT3 activation. Because Jak1 and STAT6 phosphorylation was intact after AMPK activation, we suggest that AMPK specifically targets STAT3. This is also consistent with our observations that AMPK activators inhibit STAT3 phosphorylation induced by IL-6 or IL-10 in human macrophages (data not shown). How-ever, our attempts to reveal possible posttranslational modifications of STAT3 after AMPK activation by mass spectrometry were unsuccessful. Therefore, the effect of AMPK on STAT3 may be indirect. One possibility is phosphorylation by AMPK of some unknown STAT3-interacting protein, the result of which could be sequestering STAT3 and preventing it from interacting with the IL-4 receptor. Exploring this possibility warrants further mechanistic investigation. Interestingly, our data reveal a second mechanism of how AMPK may interfere with ALOX15 expression after IL-4 stimulation; that is, its preventing STAT6 binding and histone acetylation at the ALOX15 promoter. Furthermore, our data suggest that increased histone acetylation after IL-4 treatment specifically occurs at ALOX15 and not at promoters of other IL-4 target genes. Remarkably, STAT6 binding to the ALOX15 promoter is temporarily dissociated from the maximum of STAT6 nuclear translocation (23) . The delayed recruitment of STAT6 to the ALOX15 promoter may be associated with histone and STAT6 acetylation by p300. Interestingly, AMPK has been reported to inhibit p300 activity (34) . Although we failed to detect STAT6 acetylation in our system (data not shown), reduced histone acetylation at the ALOX15 promoter conformed with this mechanism. However, STAT3 did not bind to the STAT6-binding site of the ALOX15 promoter, and we could not identify any STAT3-binding site up to 50 kb upstream of ALOX15 transcriptional start site using chromatin immunoprecipitation (data not shown). The nature of STAT3dependent gene regulatory elements on ALOX15 remains to be elucidated.
Although several high-throughput studies analyzed the transcriptome of human monocyte/macrophages polarized in response to IL-4 (8, (35) (36) (37) , they did not specifically question the role of STAT3 in these responses. Therefore, it will be interesting to elucidate the full scope of STAT3-dependent gene expression changes in IL-4-polarized human macrophages, which are also likely to be affected by AMPK activation.
IL-4 stimulation greatly affects the way how macrophages handle arachidonate metabolism via lipoxygenases. Although ALOX5 expression is suppressed in IL-4-stimulated cells, both ALOX15 and ALOX15B are induced. Although ALOX15B is detectable at the protein level in resting macrophages, which corroborates an earlier report (13) , only stimulation with IL-4 initiates the production of substantial amounts of the 15-lipoxygenase metabolites 12(S)-HETE and 15(S)-HETE, which is antagonized either by silencing ALOX15 or activating AMPK. Therefore, ALOX15 is the predominant lipoxygenase isoform producing 12(S)-HETE and 15(S)-HETE in IL-4-polarized macrophages. The ratio of 12(S)-HETE to 15(S)-HETE generated in IL-4-treated macrophages roughly corresponds to that reported previously for purified ALOX15 (38) . It is surprising that IL-4-treated macrophages accumulate intracellular 12(S)-HETE and 15(S)-HETE without the addition of exogenous arachidonic acid. The mechanism of how free arachidonate, the substrate for 15-lipoxygenase, is generated under these conditions requires further investigation. 15-lipoxgenases are also implicated in the generation of proresolving lipid mediators form arachidonic, eicosapentaenoic, or docosahexaenoic acid (39) . However, this mostly requires transcellular lipid modification and is unlikely to play a major role in IL-4-stimulated macrophages when ALOX5 and ALOX15 are regulated opposed to each other.
The physiological significance of 15-lipoxygenase in macrophages is not completely understood. ALOX15 has been proposed to generate ligands for the nuclear receptor PPAR␥ (7) . Although PPAR␥ gene expression is induced by IL-4, which has also been reported previously, we observed only up-regulation of FABP4. FABP4 is a potently induced PPAR␥ target gene in different cell types, but its response to IL-4 stimulation was considerably lower compared with rosiglitazone. Because other PPAR␥ target genes, such as CD36 or lipoprotein lipase, were unaffected by IL-4, we suggest that the magnitude of PPAR␥ activation via the IL-4/ALOX15 axis may be quite small in fully matured human macrophages. 15-HETE has also been reported to be a ligand for the PPAR␦ transcription factor (40), but we did not observe any changes in the expression of the typical PPAR␦ target genes perilipin 2 and pyruvate dehydrogenase kinase 4 in IL-4-treated cells (data not shown).
The role of 15-lipoxygenase and the products of its enzymatic activity during inflammation is controversial (12) . Although 12/15-lipoxygenase has been reported to be anti-inflammatory in mouse knockout models of rheumatoid arthritis or peritonitis (41, 42) , other studies have suggested proinflammatory roles of 12/15-lipoxygenase and 12(S)-HETES or 15(S)-HETE in obese adipose tissue (43) or vascular endothelial cells (27, 44) . Studies in 12/15-lipoxygenase-deficient murine peritoneal macrophages showed 12/15-lipoxygenase to augment toll-like receptor-induced expression of IL-12 (28), potentially involving interferon regulatory factor 8. Interestingly because the authors found no involvement of lipoxygenase-derived lipid mediators, they proposed the effect being mediated by lipoxygenase-derived reactive oxygen species. This concurs with reports showing 12/15-lipoxygenase-catalzed lipid peroxidation to modulate intracellular signaling, i.e. tyrosine phosphatase activity (45) . Our data point to 15(S)-HETE being involved in proinflammatory macrophage activation, although a much lower efficacy was observed compared with IL-4 pretreatment. Therefore, we do not exclude lipid peroxidation-derived reactive oxygen species as codrivers of ALOX15-dependent proinflammatory skewing of human macrophages. Alternatively, the intracellular location of 12(S)-HETE and 15(S)-HETE may be important for their effects on inflammation, and, therefore, adding these lipids extracellularly may not deliver them to the appropriate sites.
Overexpression of ALOX15B in human THP-1 macrophages promoted CXCL10 secretion (15) . Interestingly, the expression of several interferon-related genes, including CXCL9 and CXCL10, is characteristic for tumor-associated macrophages (46) . Although the contribution of 12/15-lipoxygenase in shaping the tumor-associated macrophage phenotype is unknown, we recently found increased ALOX15 expression in macrophages phagocytosing dying tumor cells. 3 Details of how 15-lipoxygenase contributes to the tumor-associated macrophage phenotype and the question of whether AMPK affects tumorassociated macrophages through inhibition of ALOX15 warrants further studies.
In summary, we provide evidence that AMPK interferes with IL-4-induced human macrophage polarization by attenuating STAT3 activation, which diminishes ALOX15 expression. In the absence of ALOX15, the corresponding arachidonic acid metabolites 12-HETE and 15-HETE are not produced. This, as well as other, still unknown factor(s), lowers the proinflamma-tory priming potency of IL-4 in macrophages (Fig. 5E ), adding to the established anti-inflammatory role of AMPK in phagocytes.
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